INTRODUCTION
============

In all organisms, post-transcriptional modifications play an important role in the maturation and function of cellular RNAs, especially stable non-coding RNAs ([@B1; @B2; @B3; @B4]). The human ribosome is estimated to contain over 200 modified nucleotides and these fall primarily in functionally important regions of the rRNAs ([@B1],[@B5],[@B6]). In eukaryotes and archaea, rRNAs and other non-coding RNAs are modified by two classes of RNA-guided modification enzymes: C/D and H/ACA RNPs ([@B7; @B8; @B9]). C/D RNPs methylate the 2′-*O*-hydroxyl group of ribose rings in target nucleotides ([@B10],[@B11]). H/ACA RNPs isomerize target uridine residues to pseudouridines by base rotation ([@B12],[@B13]). These modification enzymes are comprised of a set of three or four core proteins and a cognate guide RNA that determines the target nucleotide by base pairing with the substrate RNA ([@B7; @B8; @B9]).

Some key aspects of the mechanism of H/ACA RNP function have been well defined ([@B3],[@B14]). Seminal studies revealed that the substrate recognition site is formed by juxtaposing two antisense sequences within an internal loop of the conserved hairpin structure of the guide RNA ([Figure 1](#F1){ref-type="fig"}B) ([@B13],[@B15]). This loop that comprises the substrate recognition site is termed the pseudouridylation pocket. The antisense elements recognize substrate sequences flanking the target uridine, resulting in placement of the uridine to be modified at the apex of the pseudouridylation pocket. It is quite clear based on sequence and structure homology, and mutational analysis that Cbf5 is the pseudouridine synthase ([@B16],[@B17]). The functions of the other three proteins, Gar1, Nop10 and L7Ae (or Nh2p in eukaryotes) are not established, but are known to be essential for the function of the complex ([@B18],[@B19]). Figure 1.Hydroxyl radical footprinting of Cbf5--Pf9 and L7Ae--Pf9 complexes. (**A**) 5′-end labelled Pf9 was incubated in the absence (lanes 4, 11, 16) or presence of increasing concentrations of Cbf5 (lanes 5--10) or L7Ae (lanes 12--15) and subjected to hydroxyl radical cleavage. Lane 1 is undigested RNA and lanes 2 and 3 are size markers generated by alkaline hydrolysis (OH) and RNase T1 digestion (T1) of the free RNA, respectively. Nucleotides corresponding to secondary structure landmarks are indicated to the right. Blue and green bars indicate regions of strong Cbf5 and L7Ae protection, respectively. (**B**) Summary of protections in the context of a functional secondary structure model of Pf9 RNA. Box ACA, the pseudouridylation pocket and k-turn are boxed. Apical loop, upper and lower stems are labelled. The rRNA target of Pf9 is shown in grey lowercase letters. Cbf5 and L7Ae protections observed in A are shown as indicated in the legend. The regions shaded grey were not assessed due to the resolution limits of the gel.

Our laboratory and the Branlant laboratory successfully reconstituted and characterized functional H/ACA RNPs using components from *Pyrococcus furiosus* and *Pyrococcus abyssi*, respectively ([@B18],[@B19]). These studies established that the four core proteins and a guide RNA are necessary and sufficient for full activity *in vitro*. We found that both Cbf5 and L7Ae interact directly with the guide RNA in the absence of other proteins. The remaining proteins, Gar1 and Nop10, bind to independent sites on Cbf5.

L7Ae belongs to a family of proteins that interact with RNA kink (k)-turns ([@B20]). The k-turn binding proteins also include components of the ribosome, proteins involved in the assembly of spliceosomes, mRNA binding proteins and components of the RNase P and MRP complexes that function in tRNA and rRNA processing ([@B21; @B22; @B23; @B24]). L7Ae appears to be important for the kinetics of pseudouridylation by the H/ACA RNP ([@B19]). The primary interaction of L7Ae within the H/ACA RNP is with the k-turn of the guide RNA; no substantial interaction with the other proteins is observed in the absence of the RNA ([@B18]). Moreover, L7Ae binding is not required for association of the other three proteins with the guide RNA, though it may enhance their binding ([@B18],[@B19]). L7Ae binding sites are located either near (canonical k-turn) or overlapping (non-canonical k-turn) the apical loop of archaeal H/ACA RNAs ([@B16],[@B25]). The essential role of L7Ae in H/ACA RNP function was not apparent, but seemed likely to be accomplished through its interaction with the RNA component.

Mutational analysis in combination with RNA--protein-binding assays indicated that Cbf5 requires several important elements of the guide RNA for its interaction, including sequences in the apical loop, pseudouridylation pocket and box ACA ([Figure 1](#F1){ref-type="fig"}B), suggesting that Cbf5 may interact with these regions of the RNA ([@B18]). A subsequent crystal structure of the *P. furiosus* H/ACA RNP (including the four proteins and a guide RNA) indicates that in the context of the complete complex, Cbf5 interacts with box ACA and nucleotides in the lower stem, and to a lesser extent with the apex of the pseudouridylation pocket ([@B26]). Similar interactions were mapped in RNA footprinting studies with yeast Cbf5 ([@B27]). No interaction of Cbf5 with the apical loop was observed in the holoenzyme ([@B26]).

In this work, we have examined the impacts of Cbf5 and L7Ae, both individually and in combination, on a guide RNA by enzymatic and chemical footprinting. The influences of the proteins on the RNA footprinting patterns substantiate and clarify the RNA--protein interactions predicted by the previous mutational analysis and observed in the crystal structure of the full complex ([@B18],[@B26]). In addition, the results indicate that L7Ae plays an important role in formation of the pseudouridylation pocket (i.e. substrate recognition site). Finally, we observed an interaction of Cbf5 with the apical loop of the RNA that is disrupted by the binding of L7Ae. Our results indicate that RNA remodelling events triggered by binding of specific components of the H/ACA RNP govern the ability of the RNP to function in target RNA recognition and nucleotide modification.

MATERIALS AND METHODS
=====================

Protein expression and purification
-----------------------------------

Cbf5 and L7Ae genes were amplified by PCR from *P. furiosus* genomic DNA and sub-cloned into a modified version of pET21D expression vector as previously described ([@B18]). The resultant recombinant proteins containing N-terminal 6 × histidine tags were purified by affinity chromatography on Ni-NTA agarose (Qiagen), eluted with buffer A (20 mM sodium phosphate, pH 7.0, 1 M NaCl, 350 mM imidazole) and quantified using BCA protein assay (Pierce). Prior to use in RNA-binding assays, the proteins were dialysed against 40 mM HEPES--KOH, pH 7.0, 1 M KCl (or K-acetate).

End labelling of H/ACA RNA
--------------------------

The single hairpin, *P. furiosus* H/ACA RNA Pf9 was transcribed *in vitro* from PCR-amplified DNA product containing a SP6 promoter using SP6 RNA polymerase (Epicentre Biotechnologies) as previously described ([@B18]). RNA was gel purified by electrophoresis through a 15% polyacrylamide/7 M urea gel. Purified RNA was ethanol precipitated and washed with 70% ethanol. Purified RNA was dephosphorylated with calf intestinal alkaline phosphatase according to the manufacturer\'s protocol (Ambion). The dephosphorylated RNA was ^32^P labelled with T4 polynucleotide kinase (Ambion) and \[γ-^32^P\]ATP (7000 Ci/mmol, MP Biomedicals). 5′-end labelled RNA was then gel purified as described above.

Gel mobility shift assay
------------------------

Reconstitution of RNP complexes was performed as described previously ([@B18]). Briefly, 5′-end radiolabelled RNA (0.05 pmol) was incubated in buffer B (20 mM HEPES--KOH, pH 7.0, 500 mM KCl, 1.5 mM MgCl~2~, 5 μg *Escherichia coli* tRNA) alone or with various concentrations of protein in a final volume of 20 μl for 1 h at 65°C. RNP complexes were analysed on an 8% non-denaturing polyacrylamide gel and visualized by autoradiography.

Enzymatic and chemical probing
------------------------------

^32^P-end labelled Pf9 RNA (0.05--0.1 pmol) was incubated in the absence (free RNA) or presence (RNPs) of increasing concentrations of purified Cbf5 or L7Ae proteins for 1 h at 65°C in buffer B (described above) in a final volume of either 20 or 50 μl. For ribonuclease cleavage, the reactions were initiated by addition of 0.1 or 0.2 U RNase T1 (Sigma), or 1 or 2 ng RNase A (Sigma) and incubated for 15 min at 37°C. The enzymatic reactions were stopped by extraction with phenol/chloroform/isoamyl alcohol. Hydroxyl radical footprinting experiments were performed essentially as described ([@B28]). Briefly, the cleavage reactions were initiated by adding freshly prepared 18 μM ethylenediaminetetraacetic acid (EDTA) iron (III) sodium salt dihydrate (Aldrich), 2 mM sodium ascorbate (Sigma) and 0.14% (v/v) H~2~O~2~ (Sigma). The reactions were carried out at 65°C for 30 s and stopped by addition of 1 mM thiourea (Aldrich) followed by phenol/chloroform/isoamyl alcohol extraction. For lead (II) footprinting, the reactions were carried out in a modified buffer B where the KCl was substituted with 200 mM K acetate. Lead cleavage was performed essentially as previously described ([@B29]) with 15 mM Pb(II) acetate (Merck) freshly prepared in sterile water. The reactions were performed at room temperature for 10 min and were stopped by adding EDTA to final concentration of 20 mM before ethanol precipitation. As sequence markers, RNA alkaline hydrolysis ladders (cleavage after each nucleotide) were generated by incubating RNA with 5 μg *E. coli* tRNA in 50 mM sodium carbonate at pH 9.5, 1 mM EDTA for 5 min at 90°C. RNase T1 ladders (ΔT1) (cleavage after each guanosine) were generated by incubating the RNA in 20 mM sodium citrate at pH 4.5, 1 mM EDTA, 7 M urea for 10 min at 50°C. For both enzymatic and chemical probing reactions, the treated RNA samples were then ethanol precipitated in the presence of 0.3 M sodium acetate at pH 5.2 followed by washing with 70% ethanol. The dried RNA pellets were resuspended in RNA loading dye \[10 M urea, 2 mM EDTA, 0.5% (w/v) SDS, 0.02% (w/v) each bromophenol blue and xylene cyanol\]. The cleavage products were separated on 15 or 20% polyacrylamide (acrylamide:bis ratio 19:1) 7 M urea-containing gel and visualized by autoradiography.

RESULTS
=======

RNA--protein interactions in Cbf5--guide RNA and L7Ae--guide RNA complexes
--------------------------------------------------------------------------

To assess the interactions of Cbf5 and L7Ae with *P. furiosus* H/ACA guide RNA Pf9, we analysed the two RNA--protein sub-complexes (Cbf5-Pf9 and L7Ae-Pf9) by hydroxyl radical nucleotide protection assays ([Figure 1](#F1){ref-type="fig"}). Hydroxyl radicals cleave the RNA backbone independent of RNA sequence or secondary structure ([@B30],[@B31]). Thus, in the absence of the proteins, cleavages were observed at all ribose moieties ([Figure 1](#F1){ref-type="fig"}A, lanes 4, 11, 16). Protection of a ribose from hydroxyl radical cleavage upon addition of a protein generally indicates a direct association with the protein ([@B32]). RNA--protein complex formation (with 5′ end-labelled Pf9 RNA and purified recombinant proteins) was verified by gel shift analysis ([Figure 2](#F2){ref-type="fig"}). The majority of the Pf9 is shifted into RNA--protein complexes at 2 μM Cbf5 and 1 μM L7Ae. Both proteins provided some global protection of the RNA, however, as can be seen in [Figure 1](#F1){ref-type="fig"}A, distinct RNA protections were observed with increasing Cbf5 or L7Ae concentrations (see regions indicated with blue and green bars). Figure 2.Reconstitution of Cbf5--Pf9, L7Ae--Pf9 and Cbf5--L7Ae--Pf9 sub-complexes. (**A**) Coomassie blue staining of purified recombinant Cbf5 and L7Ae following PAGE. M lane contains protein standards. (**B**) Gel mobility shift analysis of 5′-end labelled Pf9 RNA, alone (lane 1) or with increasing amounts of Cbf5 and/or L7Ae as indicated. Complexes were separated on an 8% native gel and visualized by autoradiography.

[Figure 1](#F1){ref-type="fig"}B shows the protection results in the context of a secondary structure model of Pf9 RNA that is based on the well-defined, functional features of the H/ACA RNA family ([@B3]). The pseudouridylation pocket of the H/ACA RNA is the bipartite target recognition site, established and bounded by the upper and lower stems. The predicted pseudouridylation pocket of Pf9 is complementary to sequences that flank 16S rRNA U910 (i.e. nts 905--917), and consistent with this model, we have confirmed that U910 is modified in rRNA extracted from *P. furiosus* (Marshburn,S., Terns,R. and Terns,M., unpublished data). Box ACA, the signature sequence element, is located 3′ of the lower stem. The k-turn of Pf9 is found within the upper stem, adjacent to the apical loop. Canonical k-turns are helix-bulge-helix structures that produce an ∼120° bend between the axes of the two adjacent RNA helices ([@B20]). The bulge of a k-turn is bounded by two G--A base pairs that terminate the first helix and a G--C base pair that initiates the second helix. The motif generally includes several flanking base pairs ([Figure 1](#F1){ref-type="fig"}B).

In multiple studies, L7Ae and its close homologues have been found to interact directly with sequences in the k-turn of partner RNAs ([@B18],[@B25],[@B33; @B34; @B35]), and as expected, L7Ae provides strong protection on both strands of the k-turn (green shading, [Figure 1](#F1){ref-type="fig"}). In particular, the k-turn-binding proteins are consistently found to contact nucleotides in the bulge of the k-turn ([@B18],[@B25],[@B33; @B34; @B35]) and L7Ae\'s protection of Pf9 includes the bulge ([Figure 1](#F1){ref-type="fig"}).

The interaction of Cbf5 with H/ACA RNAs is less well studied. Previous gel shift analysis suggested that box ACA, the pseudouridylation pocket and sequences in the apical loop of the RNA, may be involved in the interaction; alterations in these elements affect the stability of the Cbf5--guide RNA complex ([@B18]). In the crystal structure of a complex that includes Nop10, Gar1 and L7Ae as well as Cbf5 and a guide RNA, contacts were observed between nucleotides in box ACA, the lower stem and the pseudouridylation pocket of the RNA and Cbf5 ([@B26]). As can be seen in [Figure 1](#F1){ref-type="fig"} (blue shading), Cbf5 provides extensive protection of Pf9 from hydroxyl radical cleavage. Cbf5 significantly reduces cleavage of the 3′ strand of the lower stem, the 5′ strand of the pseudouridylation pocket and the 5′ half of the k-turn and the apical loop. Additional weak protection was observed along the 3′ strand of the pseudouridylation pocket and the upper stem. The 5′ strand of the lower stem and the 3′ single-stranded region that contains box ACA were not assessed in this experiment due to resolution limitations. The results suggest that Cbf5 interacts directly with the lower stem, pseudouridylation pocket, apical loop and 5′ strand of the k-turn in the absence of other proteins.

The observed protections were specific to the individual proteins with the notable exception of the 5′ strand of the k-turn ([Figure 1](#F1){ref-type="fig"}). Interestingly, the results reveal strong protection of the 5′ strand of the k-turn by both Cbf5 and L7Ae, suggesting that both proteins interact with this region of the RNA in the sub-complexes. Direct interactions of Cbf5 and L7Ae with the 5′ side of the k-turn would be expected to be mutually exclusive.

RNA--protein interactions in Cbf5-L7Ae--guide RNA complexes
-----------------------------------------------------------

Cbf5 and L7Ae do not interact directly, either independently ([@B18]) or in the context of the fully assembled complex ([@B26]), and therefore should not directly influence the interaction of the other protein with the guide RNA; however, we were interested in the possibility of effects translated through the RNA (for example, via changes in RNA structure). Moreover, we were interested in examining the footprint in the presence of both proteins on the 5′ side of the k-turn (where both proteins were observed to bind, [Figure 1](#F1){ref-type="fig"}). To test for any impact of one protein on the interaction of the other protein with the RNA, we examined the hydroxyl radical footprints of combinations of Cbf5 and L7Ae on Pf9 ([Figure 3](#F3){ref-type="fig"}). In these experiments, the RNA was mixed with increasing concentrations of one protein in the presence of a constant concentration of the other protein in final amounts that promote nearly complete incorporation of the RNA into complexes ([Figure 2](#F2){ref-type="fig"}, lanes 10--14). Figure 3.Hydroxyl radical footprinting of Cbf5--L7Ae--Pf9 complexes. (**A**) 5′-end labelled Pf9 was incubated in the absence (lanes 1, 7, 13) or presence of either 1 μM L7Ae (lane 2) with increasing concentrations of Cbf5 (lanes 3--6), or 2 μM Cbf5 (lane 8) with increasing concentrations of L7Ae (lanes 9--12), and subjected to hydroxyl radical cleavage. Lanes 14 and 15 are size markers generated by alkaline hydrolysis (OH) and RNase T1 digestion (T1). Turquoise and purple bars indicate new sites of protection observed in the presence of both proteins and of Cbf5 protections lost upon addition of L7Ae, respectively. (**B**) Summary of changes in protection in the context of Pf9 RNA secondary structure model (as in [Figure 1](#F1){ref-type="fig"}).

For the most part, the guide RNA protection pattern in the presence of both proteins ([Figure 3](#F3){ref-type="fig"}, lanes 6 and 12) appears to be the simple sum of the patterns obtained with the individual proteins ([Figure 3](#F3){ref-type="fig"}, lanes 2 and 8), however there are several interesting exceptions. Examination of multiple experiments and exposures revealed two regions where greater protection is observed than would be expected from the individual protections ([Figure 3](#F3){ref-type="fig"}, turquoise shading). In the 3′ strand of the k-turn, several nucleotides (nts 39, 40, 44 and 45) are partially protected by L7Ae, and not significantly protected by Cbf5, but are nearly completely protected in the presence of both proteins ([Figure 3](#F3){ref-type="fig"}A, lanes 6 and 12, and indicated in [Figure 3](#F3){ref-type="fig"}B). Similarly, little protection of sequences in the 5′ strand of the upper stem was observed with either L7Ae or Cbf5 binding, however cleavage of most nucleotides in this region ([@B19],[@B20],[@B22; @B23; @B24]) is reduced by the combination of the two proteins ([Figure 3](#F3){ref-type="fig"}). These increased protections likely reflect enhanced interaction of the proteins with these regions when the other protein is bound to the RNA.

In contrast, protection of nucleotides in the apical loop by Cbf5 (nts 30 and 31) is lost upon introduction of L7Ae ([Figure 3](#F3){ref-type="fig"}A, lane 8 versus lane 9, purple shading). The de-protected nucleotides are part of a larger, contiguous Cbf5-binding site that also includes the 5′ strand of the k-turn, the region where both Cbf5 and L7Ae interact with the RNA ([Figure 1](#F1){ref-type="fig"}). The loss of the Cbf5 protection pattern suggests that L7Ae disrupts or prevents the interaction of Cbf5 with the 5′ k-turn/apical loop region. This is consistent with the absence of an interaction between the k-turn/apical loop of the RNA and Cbf5 in the crystal structure of the full complex ([@B26]).

Interaction of Cbf5 with the conserved ACA sequence
---------------------------------------------------

Box ACA is the signature sequence of the H/ACA guide RNAs, and RNA--protein-binding studies and crystal structure data indicate that Cbf5 specifically binds and recognizes this family feature ([@B18],[@B19],[@B26]). We examined the individual impacts of Cbf5 and L7Ae on the 3′ half of the RNA including box ACA by lead (II) acetate cleavage. Lead (II) acetate induces cleavage preferentially at single-stranded and dynamic regions of RNAs such as bulges and loops ([@B29],[@B36]). As expected from the predicted secondary structure, the 3′ strand of the lower stem of Pf9 is inaccessible to lead-induced cleavage in the absence of proteins (see lack of cleavage between 3′ pseudouridylation pocket and ACA in [Figure 4](#F4){ref-type="fig"}A, lanes 5, 12, 16). However, the 3′ strand of the upper stem was unexpectedly sensitive to cleavage (indicated with red arrowheads in [Figure 4](#F4){ref-type="fig"}A, lane 12). Figure 4.Lead-induced cleavage footprinting of Pf9 RNA, and Cbf5--Pf9 and L7Ae--Pf9 sub-complexes. (**A**) 5′-end labelled Pf9 was incubated in the absence (lanes 5, 12, 16) or presence of increasing concentrations of Cbf5 (lanes 6--11) or L7Ae (lanes 13--15) and subjected to lead (II)-induced cleavage. Lane 1 is undigested RNA and lanes 3, 2 and 4 are size markers generated by alkaline hydrolysis (OH), and RNase T1 digestion under non-denaturing (T1) and denaturing conditions (ΔT1), respectively. Blue and green bars indicate regions of strong Cbf5 and L7Ae protection. Yellow bars indicate cleavage enhancements observed with L7Ae. Red arrowheads indicate unexpected cleavages in the upper stem of the guide RNA in the absence of protein. (**B**) Summary of cleavage protections and enhancements in the context of Pf9 RNA secondary structure model (as in [Figure 1](#F1){ref-type="fig"}).

Binding of Cbf5 to Pf9 RNA results in substantial protection of the conserved ACA sequence as well as the nucleotide immediately upstream ([Figure 4](#F4){ref-type="fig"}, blue shading). Protection of most of the lower stem could not be assessed in this experiment (because this region is already insensitive to lead-induced cleavage); however, we observed that Cbf5 also provides some protection to the 3′ strand of the pseudouridylation pocket. In contrast, L7Ae does not protect these regions ([Figure 4](#F4){ref-type="fig"}, lanes 13--15). The addition of L7Ae to the RNA results in reduced cleavage of the 3′ strand of the k-turn and also of the upper stem outside of the k-turn motif ([Figure 4](#F4){ref-type="fig"}, green shading). L7Ae also produced increased sensitivity to lead-induced cleavage in nucleotides in the 3′ half of the pseudouridylation pocket ([Figure 4](#F4){ref-type="fig"}, yellow shading).

Guide RNA secondary structure
-----------------------------

The unexpected sensitivity of the 3′ side of the upper stem of Pf9 to lead-induced cleavage ([Figure 4](#F4){ref-type="fig"}) led us to further probe the secondary structure of the RNA in the absence of proteins. We performed partial enzymatic digestions of 5′ end labelled Pf9 RNA using RNase T1 and RNase A ([Figure 5](#F5){ref-type="fig"}). RNases T1 and A cleave accessible phosphodiester backbones following un-base-paired guanines (Gs) and pyrimidines (Cs and Us), respectively. Adenines (As) are not subject to analysis. Base-paired regions are resistant to both enzymes. The results are summarized schematically in the context of the predicted secondary structure in [Figure 5](#F5){ref-type="fig"}B. Figure 5.Single-stranded nuclease footprinting of Pf9. (**A**) 5′-end labelled Pf9 was digested with indicated concentrations of RNase A (lanes 3, 4) or RNase T1 (lanes 5, 6). The cleavage products were separated on a denaturing 20% acrylamide gel. Lane 1 is undigested RNA and lane 2 is a size marker generated by alkaline hydrolysis (OH). Strong cleavages at nucleotides in the upper stem region are indicated with red arrowheads. (**B**) Summary of Pf9 RNA cleavages by single-stranded nucleases in the context of the predicted secondary structure of Pf9 RNA (as in [Figure 1](#F1){ref-type="fig"}). Upper stem region is boxed in red.

Under the experimental conditions analysed, in the absence of proteins, accessible regions of the RNA include the 3′ tail, the pseudouridylation pocket, the apical loop and the bulge of the k-turn motif as expected ([Figure 5](#F5){ref-type="fig"}B, orange shading). Consistent with the predicted secondary structure, nucleotides in the lower stem are inaccessible to the single-stranded nucleases. In addition, nucleotides in this region are susceptible to RNase V1, a nuclease specific for double-stranded regions (data not shown). However, we found that the upper stem is sensitive to single-stranded nuclease digestion \[see strong cleavages in red boxed region ([Figure 5](#F5){ref-type="fig"}B) and indicated by red arrowheads ([Figure 5](#F5){ref-type="fig"}A)\]. The results suggest that the upper stem of Pf9 RNA is not stably structured under these experimental conditions.

Effects of L7Ae on the guide RNA outside the k-turn motif
---------------------------------------------------------

Although the upper stem of the RNA does not appear to be firmly established in the absence of proteins ([Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}), the interaction of L7Ae with sequences on both sides of the k-turn motif ([Figure 1](#F1){ref-type="fig"}) strongly implies the existence of a helix within the upper stem of Pf9 RNA in the presence of the protein. Moreover, the L7Ae-induced resistance of the upper stem beyond the k-turn motif (i.e. outside the region where L7Ae has been shown to directly contact RNA) to lead-induced cleavage ([Figure 4](#F4){ref-type="fig"}) suggests the formation of the stem in the presence of the protein. To further investigate the impact of L7Ae on the secondary structure of the RNA, we also analysed partial enzymatic digestions in the presence of the protein ([Figure 6](#F6){ref-type="fig"}). Figure 6.Single-stranded nuclease footprinting of L7Ae--Pf9. (**A**) 5′-end labelled Pf9 was incubated alone (lanes 3, 5) or with 1 μM L7Ae (lanes 4, 6) and digested with RNase T1 (lanes 3, 4) or RNase A (lanes 5, 6). The cleavage products were separated on a denaturing 15% acrylamide gel. Lane 1 is undigested RNA and lane 2 is a size marker generated by alkaline hydrolysis (OH). Red arrowheads indicate cleavages in the upper stem of the guide RNA in the absence of protein. Green and yellow bars indicate strong L7Ae protections and cleavage enhancements, respectively. (**B**) Summary of L7Ae cleavage protections and enhancements in the context of the predicted secondary structure of Pf9 (as in [Figure 1](#F1){ref-type="fig"}).

The strong ribonuclease T1 and A cleavages observed in the 'upper stem' both within and outside the k-turn motif in the absence of the protein (red arrowheads, [Figure 6](#F6){ref-type="fig"}A, lanes 3 and 5) are significantly reduced upon L7Ae binding ([Figure 6](#F6){ref-type="fig"}A, lanes 4 and 6). At the same time, L7Ae increases cleavage of the apical loop ([Figure 6](#F6){ref-type="fig"}B, yellow shading). The interaction of L7Ae with the k-turn is well documented ([@B18],[@B25],[@B33; @B34; @B35]). No extensive interactions outside the k-turn have been described. The strong protection that we observe in the upper stem, as well as the increased sensitivity in the apical loop, is consistent with formation of the upper stem upon L7Ae binding.

DISCUSSION
==========

In this work, we examined the arrangements of the RNAs and proteins in a series of sub-complexes of the H/ACA RNP by chemical and enzymatic footprinting. The combined approach has the potential to detect both physical protein interaction sites and effects on RNA configuration, and we found evidence for both types of impacts in this study. The results provide detailed insight on steps in the assembly of the complex and essential roles of the proteins.

A significant amount is known about the sites of RNA--protein interaction within the fully assembled H/ACA guide RNP from the crystal structure of the *P. furiosus* holoenzyme (using a modified Afu 46 guide RNA) ([@B26]). In the Cbf5--guide RNA and L7Ae--guide RNA sub-complexes that we examined here, we observed footprints consistent with the well-established interaction of L7Ae with the k-turn ([@B18],[@B25],[@B33; @B34; @B35]) and with the contacts observed between Cbf5 and the guide RNA in the holoenzyme crystal structure ([@B26]). Our results support the extensive interaction of Cbf5 with the guide RNA from box ACA through the lower stem to the pseudouridylation pocket \[observed in RNA-protein-binding assays ([@B18],[@B19]), holoenzyme crystal structure ([@B26]) and RNA footprinting of the eukaryotic complex ([@B27])\]. The results indicate that the interactions of both Cbf5 and L7Ae with the guide RNA in the fully assembled enzyme are established in the Cbf5--guide RNA and L7Ae--guide RNA sub-complexes.

In addition, however, we found evidence of an interaction between Cbf5 and the guide RNA that is unique to the sub-complex. In the absence of other proteins, Cbf5 protects the 5′ strand of the k-turn and apical loop from hydroxyl radical cleavage, an effect that generally reflects a physical interaction ([Figure 1](#F1){ref-type="fig"}). Moreover, previous studies showed that mutation of this region of the RNA weakens the binding of Cbf5 ([@B18]), supporting the existence of the interaction and suggesting that the interaction is important in formation and stability of the sub-complex. In the crystal structure of the holoenzyme, Cbf5 is not found in proximity with the apical loop and the 5′ strand of the k-turn ([@B26]). Our results indicate that L7Ae successfully competes for the site and displaces Cbf5 ([Figures 3](#F3){ref-type="fig"} and [7](#F7){ref-type="fig"}). Accordingly, L7Ae is found in close proximity with this region of the RNA in the crystal structure of the holoenzyme ([@B26]). \[The specific equivalent L7Ae--RNA interactions could not be compared as the guide RNA used in the crystal structure differs significantly from Pf9 in this region (non-canonical k-turn) and its structure is also incomplete in this region ([@B26]).\] Figure 7.Simplified model depicting the observed conformational changes in the guide RNA and RNA--protein interactions in sub-complexes of the H/ACA RNP. Our footprinting data suggest that the upper stem of the guide RNA is not stably formed in the absence of L7Ae (**A** and **B**). Binding of L7Ae at the k-turn induces formation of the upper stem and establishes the pseudouridylation pocket (**C**). Cbf5 interacts with box ACA, the lower stem, the pseudouridylation pocket, and a unique site that includes the apical loop and the 5′ strand of the k-turn in the absence of L7Ae (B). L7Ae successfully competes with Cbf5 for binding to the 5′ strand of the k-turn and disrupts Cbf5s interaction with this region of the guide RNA (**D**).

Because the intermediates in the assembly and function of the H/ACA RNP have not been precisely defined, it is not yet clear what role the newly identified Cbf5--guide RNA interaction may play in H/ACA RNP assembly or function. In eukaryotes, evidence indicates that three of the four core proteins, including Cbf5, assemble on the H/ACA RNA at the site of transcription (and that association of Gar1 occurs at a later point in the temporal and spatial assembly pathway) ([@B3],[@B7],[@B8]). Among the core proteins, Cbf5 shows the strongest association with the H/ACA RNA genes, suggesting that Cbf5 could be the first of the H/ACA RNP proteins to associate with the newly made guide RNA in yeast ([@B37]). Thus, the Cbf5 interactions defined here may provide for the initial recognition of the guide RNA and subsequent complex assembly. It is also possible that a sub-complex lacking L7Ae is involved in the function of the H/ACA RNP (for example, as a step in substrate release).

Our studies also revealed a substantial effect of L7Ae on the guide RNA configuration beyond the k-turn with significant implications for proper establishment of the target recognition site. Previous studies had shown that the structure of the k-turn motif itself is dynamic in the absence of protein and that formation of the kink (i.e. 120° bend from linear) is induced by the binding of L7Ae and related proteins ([@B38; @B39; @B40; @B41]). Our results indicate previously undescribed effects on the RNA beyond this region ([Figure 7](#F7){ref-type="fig"}). Our data from both partial enzymatic hydrolysis ([Figure 5](#F5){ref-type="fig"}) and lead-induced cleavage ([Figure 4](#F4){ref-type="fig"}) indicate that the upper stem of the guide RNA is not stably formed in the absence of proteins under the solution conditions used in our work. However, upon addition of L7Ae the upper stem nucleotides become resistant to single-stranded nucleases ([Figure 6](#F6){ref-type="fig"}) and lead-induced cleavage ([Figure 4](#F4){ref-type="fig"}), strongly suggesting L7Ae-induced formation of the upper stem. The observed increase in the sensitivity of nucleotides in the apical loop and pseudouridylation pocket to single-stranded nucleases ([Figure 6](#F6){ref-type="fig"}) and lead-induced cleavage ([Figure 4](#F4){ref-type="fig"}) upon L7Ae binding are also consistent with formation of the upper stem, which defines these loops. While L7Ae provided strong protection of the upper stem against enzymatic cleavage ([Figure 6](#F6){ref-type="fig"}), this region was not significantly protected from hydroxyl radical cleavage outside of the k-turn motif ([Figure 1](#F1){ref-type="fig"}), providing further evidence that the observed protection of this region from enzymatic cleavage reflects induction of base pairing (rather than steric interference). Importantly, the upper stem establishes the pseudouridylation pocket---the H/ACA RNP target RNA-binding site.

Our results reveal that L7Ae plays a significant role in substrate binding and placement in the archaeal H/ACA RNP via formation of the pseudouridylation pocket. These findings may explain the positive impact that L7Ae appears to have on formation of substrate-containing H/ACA RNP complexes and on activity of the complex ([@B18],[@B19]). In addition, analysis of a crystal structure of a sub-complex of the H/ACA RNP with a substrate RNA recently obtained by Hong Li\'s laboratory suggests that both pseudouridylation pocket formation and positioning of the substrate uridine in the Cbf5 active site are defective in the absence of L7Ae (Liang,B., Xue,S., Terns,R., Terns, M. and Li, H., submitted for publication). At the same time, this and several other recent studies describe guide--substrate RNA interactions in the absence of L7Ae ([@B42],[@B43]). It is most likely that the difference reflects the high concentrations of molecules used in these structural studies ([@B42],[@B43]). In the cell, substrate capture likely depends on a well-formed pseudouridylation pocket established by L7Ae.

Given that the pseudouridine synthase Cbf5 can interact directly with the guide RNA, which has the capacity to capture and present the substrate, it was previously not clear why L7Ae should be needed. Our findings indicate that the importance of L7Ae in the function of the H/ACA RNP is in remodelling the guide RNA to form the substrate-binding site. In eukaryotes, the H/ACA RNP protein homologous to L7Ae is Nhp2, a protein with less well-defined RNA binding properties ([@B44]), and it remains to be determined whether Nhp2 will also play a role in definition of the substrate-binding site in the eukaryotic H/ACA RNPs. However, L7Ae is also a component of C/D RNPs and the ribosome in archaea ([@B45]), and our findings suggest that L7Ae and other k-turn-binding proteins could play a similar role in important alterations of RNA structure beyond the k-turn in other complexes as well.
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